.0]dec-5-ene (mTBD) has useful catalytic properties and can form an ionic liquid when mixed with an acid. Despite its potential usefulness, no data on its thermodynamic and transport properties are currently available in the literature. Here we present the first reliable public data on the liquid vapor pressure (temperature from 318.23 K to 451.2 K and pressure from 11.
Introduction
7-Methyl-1,5,7-triazabicyclo [4.4 .0]dec-5-ene (mTBD) has a variety of interesting properties. For years it has attracted attention as a catalyst [1] [2] [3] [4] , and more recently it has been studied for possible use in CO 2 capture [5, 6] . It can also form an ionic liquid when mixed with an acid, and some of these ionic liquids are able to dissolve cellulose [7] . This ability to dissolve cellulose is the basis for the IONCELL-F process, which produces textile fibers from woody biomass by using ionic liquids like 7-methyl-1,5,7-triazabicyclo [4.4 .0]dec-5-enium acetate as a solvent [8, 9] .
Although mTBD has properties that make it an industrially important chemical, no data about its thermodynamic properties can be found in the literature. Additionally, mTBD is one of a family of guanidine superbases [3] and information about it could also be useful in understanding these superbases in general. The only values publicly available are a density and a single vapor pressure value given on some safety data sheets, and their accuracy is questionable, largely because the vapor pressure units differ depending on the safety data sheet.
To address this gap, we have measured the liquid vapor pressure using two experimental methods (temperature from 318.23 K to 451.2 K and pressure from 11.1 Pa to 10 000 Pa), compressed liquid density (293.15 K to 473.15 K and 0.092 MPa to 15.788 MPa), liquid isobaric heat capacity (312.48 K to 391.50 K, 0.36 MPa), melting properties, liquid thermal conductivity (299.0 K to 372.9 K), liquid refractive index (293.15 K to 343.15 K), and liquid viscosity (290.79 K to 363.00 K) of mTBD. The heat of vaporization (liquid-vapor), liquid thermal expansion coefficient, and liquid isothermal compressibility were also calculated from the experimental data. The thermodynamic properties of mTBD were then modeled using the PC-SAFT equation of state [10] . The measurement were made at atmospheric pressure (0.1 MPa), if not specified otherwise.
Methods

Preparation and Purity of the mTBD
Three different samples of 7-methyl-1,5,7-triazabicyclo [4.4 .0]dec-5-ene (CAS number: 84030-20-6, structure in Fig. 1 ) were used. The first was prepared at the University of Helsinki. The second was purchased from BOC Sciences (Shirley, NY, USA). The third was a portion of the second sample that was distilled to further purify it (see Sect. 2.6) ( Table 1) . The purity of the mTBD samples was analyzed using capillary electrophoresis (CE). Experiments were carried out with an Agilent 7100 CE system from Agilent Technologies (Santa Clara, CA, USA) equipped with a diode-array detector (detection at 200 nm, 214 nm, and 238 nm) and an air-cooling device for the capillary cassette. Uncoated fused silica capillaries were from Polymicro Technologies (Phoenix, AZ, USA). Dimensions were 50 μm internal diameter and 375 μm outer diameter. The length of the capillary up to the detector was 0.300 m, and the total length was 0.385 m. A Mettler Toledo pH meter (Columbus, Ohio, USA) was used to adjust the pH of the electrolyte solutions.
The capillary was coated with polybrene. Prior to the coating, the bare fused silica capillary was pretreated by flushing it for 10 min with 1 M NaOH, followed by rinsing with water for 10 min at a pressure of 94 000 Pa. To diminish the adsorption of positively charged mTBD on the negatively charged fused silica capillary wall, the capillary was flushed for 22 min with a 1 w/w% of polybrene solution [11] . Further, a voltage of 3 kV was applied for 20 min with both capillary ends immersed in the vials with the coating solution. To remove unreacted polybrene molecules, the capillary was rinsed for 10 min with water and sodium acetate buffer solution (pH 4; ionic strength of 25 mM), respectively. In order to regenerate the coating surface, a fast 3-step recoating of the capillary was performed after every eight CE run. This was done by firstly flushing the capillary for 1 min with the coating solution, then keeping the system steady state for 1 min (waiting step), and finally flushing the capillary with water for 1 min.
The polybrene-coated capillary was characterized by checking the electro-osmotic flow. Thiourea at a concentration of 0.5 mM dissolved in a sodium acetate buffer (pH 4; ionic strength of 20 mM) was used as a neutral electro-osmotic flow marker in all measurements. A set of mTBD solutions at a concentration range of 0.01 mg·mL −1 to 0.2 mg·mL −1 was used to prepare the mTBD calibration curve. A negative voltage of 25 kV was applied across the capillary. All samples were introduced at 1000 Pa for 10 s. Before each run, the capillary was rinsed for 2 min with a sodium acetate buffer (pH 4; ionic strength of 25 mM). The electrophoretic runs were repeated at least 5 times. All results were evaluated with the ChemStation software purchased from Agilent Technologies (Santa Clara, CA, USA).
The water content of the mTBD was determined using Karl Fischer titration. A DL38 Karl Fischer Titrator (Mettler Toledo) was used along with the Hydranal Composite 5 K titrant and the Hydranal Medium K solvent solution (both from Fluka Analytical).
The first sample had a purity greater than 99.5 wt%. The second sample had a purity of 97.2 ± 1 wt% and contained 1.6 ± 0.1 wt% of the non-methylated 1,5,7triazabicyclo[4.4.0]dec-5-ene as an impurity. The third sample had a purity of 98.3 ± 1.7 wt%. Trace amounts of TBD were still detected in the first and third samples, but the amount was below the limit of quantitation, which was 0.0025 mg·mL −1 . The electropherograms are presented in the Electronic Supplementary Material. Pure mTBD is a colorless liquid at room temperature, and the first and third samples were initially colorless. However, it was noticed that over time the mTBD sample took on a yellow color. Even small amounts of an impurity can cause a color change. To see if the purity had significantly changed, the first sample was reanalyzed when the yellow color was noticed, but no impurities were detected. The yellow color may have come from small amounts of oxidation products, which have been observed for a similar base: DBN [12] . The second sample was yellow when obtained. The first sample was used for most of the measurements. Only the heat capacity measurements and second and third set of viscosity measurements were performed with the second sample. The third sample was only used for some of the vapor pressure measurements.
mTBD is hygroscopic and can also react with CO 2 in the air, so to minimize the absorption of these compounds the mTBD was stored in closed containers. When it was necessary to get some of the mTBD, the containers were opened only briefly.
In addition to mTBD, several different chemicals were used in running, calibrating, or checking the devices used in this study, and a full list of these chemicals and their suppliers can be found from the Electronic Supplementary Material accompanying this article.
Liquid Compressed Density
Compressed densities of mTBD were measured using a DMA HP density meter (Anton Paar, Graz, Austria). The pressure in the density meter was measured using a UNIK 5000 pressure sensor (GE, Boston, MA, USA). For calibrating this pressure sensor, a MC2-PE calibrator with an EXT600 external pressure module was used (Beamex, Pietarsaari, Finland), and these had been calibrated by Beamex. The standard uncertainty of the pressure data is 3100 Pa (expanded uncertainty of 6300 Pa at the 95 % level). For the measured temperature, the manufacturer only states that its accuracy is better than 0.1 K. The mTBD was degassed for about 30 min in a roundbottomed flask before being fed into the density meter. This was done by placing the sample in an ultrasonic bath and removing the gases in the system using a vacuum pump.
The DMA HP density meter was calibrated using nitrogen and water, and the reference values for these compounds were taken from reference equations of state [13, 14] . For performing calculations with these equations of state, CoolProp's [15] Python package was used. The NIST thermophysical properties calculator [16] also implements the same equations of state, so CoolProp's functions were verified by manually comparing the results of the two programs at multiple temperatures and pressures. The values were the same in all instances. The parameters for the calibration equation were optimized using the differential evolution solver [17] implemented in the SciPy package [18] for Python. The root mean squared error was used as the objective function. From the calibration results, the standard uncertainty of the device was estimated to be 0.040 kg·m −3 (expanded uncertainty of 0.082 kg·m −3 at the 95 % level).
Measurements were performed on 2 separate days, and the device was cleaned and refilled before the second set of measurements. Eight of the data points were measured on both days, and the deviation between these repeat measurements was within the expanded uncertainty of the device.
Refractive Index
A Dr. Kernchen Abbemat digital refractometer (Anton Paar, Graz, Austria) was used for refractive index measurements. This refractometer measures at a wavelength of 598.3 nm. The standard uncertainty of the refractometer was calculated to be 0.00 034 (expanded uncertainty of 0.00 078 at the 95 % level) by using measured and reference values for water at 25°C [19] .
Liquid Viscosity
For measuring the viscosity, a LVDVE230 rotational viscometer was used (Brookfield, Middleboro, MA, USA). The temperature in the measurement cylinder was controlled using a water bath. For measuring the temperature, probes were placed in the inlet and outlet of the heating water from the measurement cylinder. The temperature of the measurement was calculated as the average of these two temperatures. The difference between the inlet and outlet temperatures was less than 0.05 K at room temperature and less than 0.2 K at higher temperatures. The viscometer was left to stabilize at each measurement temperature for at least 30 min before values were recorded. The viscometer was calibrated using a Brookfield viscosity standard (Lot number 012610), water, and n-hexadecane. The deviation between the calibrated experimental values and reference data was used to calculate the uncertainty of the device. The standard uncertainty was 5.4 %, and the expanded uncertainty (95 % level) was 12 %.
Three measurements were performed for mTBD. The first measurements were done with a setup that was open to the atmosphere. To confirm that moisture absorbed from the air did not affect the measurements, a third run was carried out in which the viscometer was covered with a large piece of flexible plastic that was draped over the instrument and dry air was continually added to the space around the viscometer. This lowered the relative humidity around the viscometer during the experiment. The results of the three different experiments matched to within the uncertainty of the device, so any absorption of water did not noticeably affect the results.
Liquid Vapor Pressure with the Gas Saturation Method
The gas saturation method was used for measuring the vapor pressure of mTBD at temperatures below 386.16 K [20, 21] . The sample was placed in a glass vessel that contained spherical glass beads. This vessel was placed in a gas chromatography oven, which maintained a stable temperature (temperature remained within ± 0.01 K). A flow of nitrogen was introduced (at 20 mln·min −1 ), which flowed through the cell and became saturated with the vaporized mTBD. The flow rate of nitrogen was maintained using a flow controller (Alicat Scientific, Tucson, AZ, USA). The flow rate of the nitrogen was measured using a bubble meter (standard uncertainty of 0.020 ml·min −1 , expanded uncertainty of 0.045 ml·min −1 at the 95 % level). The vessel was held at the set temperature for a period of time (usually 24 h or more), and then the vessel was removed and weighed to determine the mass lost. From these data, the vapor pressure was calculated using Eq. 1
where P is the vapor pressure (Pa), m is the mass of the test chemical (mTBD) that leaves the cell (g), W is the molar mass of the test chemical (g·mol −1 ), t is the duration of the measurement (min), V is the volumetric flow rate of the carrier gas (in this case, nitrogen) in units of L·min −1 , P atm is the atmospheric pressure at the place and time the experiment is carried out (Pa), T room is room temperature (K), R is the ideal gas constant, and P loss is the pressure drop over the gas saturation cell (assumed to be zero for our measurements). More details about the gas saturation method can be found from other references [20, 21] . The inlet and outlet of the glass vessel were covered with paraffin film when removing it from the oven for weighing. This was done to ensure that the mTBD did not absorb water from the air. Also, when the oven was heating up or cooling down, a small flow of nitrogen was still applied (0.5 mln·min −1 ) to reduce the amount of outside air that entered the cell. When measuring the masses and the flow rate, repeat measurements were made (usually 8) and the average was recorded as the final value. Atmospheric pressure was measured using the MC2-PE pressure calibrator. Temperatures (both cell and room temperatures) were measured using a Systemteknik S2541 thermometer (Frontec) with calibrated Pt-100 temperature probes (Frontec).
Uncertainties were calculated using a Monte Carlo method (see ISO/IEC Guide 98-3) [22] . Distributions were specified for eight different parameters that could potentially affect the vapor pressure value, including the purity of the mTBD. Values were then selected from these distributions and used to calculate a vapor pressure value. This process was repeated 1 million times for each experimental data point, and the resulting distributions were then used for estimating the uncertainties. The Python code used for this calculation can be found from the OSF project for this study (https://osf. io/efds6/).
Liquid Vapor Pressure with the Distillation Method
Vacuum distillation was used for measuring the vapor pressure of mTBD at temperatures above 380 K. Two different distillations were performed, one at the University of Helsinki and one at Aalto University.
The distillation at the University of Helsinki was performed using mTBD that had already been distilled once. A simple distillation was performed, that is, no column was used. A water jet pump was used to apply a vacuum, and a needle valve was used to introduce a small leak to allow the pressure to be regulated. The temperature of the condensate was measured using a Type K thermocouple, which had an expanded uncertainty of ± 1 K. The expanded uncertainty of the vacuum gauge was estimated to be the greater of 10 % or 200 Pa.
At Aalto University, the distillation was performed with the mTBD obtained from BOC Sciences, which had an initial purity of 97 wt%. A 0.55 m Vigreux column was used. When measuring the vapor pressure, the column was operated at total reflux. The condensers were cooled using a circulating bath that was set to 290 K. A vacuum pump was used to reduce the pressure, and a small leak was introduced using a needle valve in order to adjust the pressure. The temperature was measured using a Nokeval temperature probe (Nokia, Finland), which had been calibrated against an RTD temperature probe that had been calibrated at the Finnish National Metrology Institute (Espoo, Finland). Based on this calibration, the standard uncertainty of the temperature probe was estimated to be 0.06 K (expanded uncertainty of 0.12 K at the 95 % level). A Vacuuview pressure gauge (Vacuubrand, Wertheim, Germany) was used to measure the pressure. It was calibrated using the MC2-PE pressure calibrator, and based on this calibration the standard uncertainty was calculated to be 14 Pa (expanded uncertainty of 31 Pa at the 95 % level).
The overall uncertainty of the vapor pressures measured using distillation was calculated by combining the uncertainties of the temperature measurements and pressure gauges. This was done using a Monte Carlo method with sampling repeated 1 million times (see ISO/IEC Guide 98-3) [22] .
Heat Capacity
For the heat capacity measurements, a C80 Calvet calorimeter (Setaram, Caluire, France) was used. The measurement cell was made of Hastelloy C276 (S60/1512) and had a volume of 14 mL. The instrument was calibrated using water and nitrogen. Heat capacity measurements were performed at a constant pressure of 360 000 Pa ± 20 000 Pa. The vapor pressure of mTBD is substantially lower than the measurement pressure, thus ensuring that the sample is in the liquid phase.
Measurements were performed in a stepwise manner. The temperature was first held steady at a specified temperature. Then the temperature was increase 10 K, and during this ramp the difference in temperature between the reference and sample cells was recorded. The total heat flow for a given step change was calculated via integration, and the heat capacity was then calculated using Eq. 2 [23] 
In Eq. 2, ρ 1 is the density for the standard (water in our case); ρ 2 is the density for the sample; C P1 is the heat capacity of the standard (water); C P2 is the heat capacity of the sample; and Q 0 , Q 1 and Q 2 are the measured heats of the blank (nitrogen), standard, and sample, respectively. The reference values for the heat capacity of water were calculated using the NIST thermophysical properties calculator [16] , which is based on the IAPWS95 equation of state [14] . The temperature was taken as the average of the initial and final temperature of the step.
The heat capacity of water and a 3 molal aqueous NaCl solution were measured to check the performance of the calorimeter. Measured data were compared to reference values from the IAPWS95 equation of state [14] , which can be accessed from the NIST website [16] , and to values from Clarke and Glew [24] . Based on this check, the standard uncertainty of the measurements was calculated to be 0.0028 J·g −1 ·K −1 (expanded uncertainty of 0.0057 J·g −1 ·K −1 at the 95 % level). At temperatures above 373 K, the deviation between measured and reference values increased. The measured data for water and NaCl can be found from the heat capacity file on the OSF project page (https://osf.io/zyr5t/).
Melting Properties
Differential scanning calorimetry (DSC) was used to determine the melting point and enthalpy of fusion of mTBD. The DSC measurement was performed on a Q2000 DSC instrument (TA Instruments, New Castle, DE, USA) equipped with a two-stage refrigerated cooling system. Analysis was run on an mTBD sample with a mass of 9.33 mg, which was hermetically sealed in a 50 mg Tzero aluminum pan. The pan was filled and sealed in a glove box that was filled with dry air to avoid absorption of water. Inside the DSC chamber, which was filled with N 2 , the sample was cooled (rate 5 K·min −1 ) to 213 K to crystallize the sample and then heated (rate 1 K·min −1 ) to observe the melting point. A lower heating rate provides better correspondence between the DSC temperature and the actual temperature of the sample. The onset of the melting peak on the DSC thermogram was taken to be the melting point, and the heat of fusion was calculated by integrating to find the area of the peak. Based on reference and measured values for water, acetic acid, and n-hexadecane, the standard uncertainty of the melting point measurements was calculated to be 0.49 K (expanded uncertainty of 1.2 K at the 95 % level). The standard uncertainty for the enthalpy measurement was 10 J·g −1 (expanded uncertainty of 26 J·g −1 at the 95 % level).
Thermal Conductivity
The transient hot wire method was utilized to measure the thermal conductivity of mTBD. The device was a THW-L2 Liquid Thermal Conductivity Meter from Thermtest Inc. (Fredericton, NB, Canada). The THW method assumes isotropic fluids and the Fourier heat conduction equation for transient testing can then be formulated as Eq. 3 [25] 
In Eq. 3, λ is the thermal conductivity, ρ is the density, T is temperature, t is time, and C p is the specific heat capacity. During testing, the sensor wire is heated with step-function-like constant effect that lasts less than 2 s, and the resulting temperature rise is recorded. If the wire length and sample volume can be considered infinite during the test time, the thermal conductivity can then be calculated from the temperature rise equation, as derived from Eq. 3:
Here κ is the thermal diffusivity, r 0 the wire radius, q the heat transfer rate, and γ is Euler's constant [26, 27] . However, the experimental setup deviates from an ideal system and the results are therefore corrected with an offset calibration, which allows for accurate testing of the thermal conductivity but hinders accurate measurement of the diffusivity. For calibration, deionized water was used.
The expanded uncertainty of the measured values was estimated to be 5 %, which for the values presented here is ± 0.007 W·m −1 ·K −1 .
For successful testing of the mTBD samples, a stainless-steel container was used to hold the sample. Aluminum had to be avoided because corrosion occurred with aqueous solutions of mTBD. To prevent degradation of the probe structure, the sensor body was coated with epoxy. About 25 mL of the sample was used for each test. Testing was performed at 298 K, 323 K, 348 K, and 373 K.
Modeling Using PC-SAFT Equation of State
The PC-SAFT equation of state was used to model the properties of mTBD and three of the compounds used for comparison: 1,5-diazabicyclo(4.3.0)non-5-ene (DBN), 1,8diazabicyclo [5.4 .0]undec-7-ene (DBU), and 1,1,3,3-tetramethylguanidine (TMG). Our code for implementing PC-SAFT is available on GitHub (https://github.com/ zmeri/PC-SAFT). We verified our code to ensure we got results that matched reference data and the values given by PC-SAFT code from other authors, and the code to perform these checks is included in the GitHub repository.
The PC-SAFT parameters were determined by optimizing the equation of state parameters using vapor pressure and density data. For mTBD, the experimental data presented in this article were used. Literature data were used for DBN, DBU, and TMG [28] [29] [30] [31] [32] . To solve for the parameters, we used the differential evolution solver [17] implemented in the SciPy package [18] for Python. For the objective function, the root mean squared error of the vapor pressure and density values were calculated separately and then these were added together to get a final error value to minimize. DBN and DBU are polar molecules with dipole moments of about 3 Debye, so for these compounds Gross and Vrabec's polar term was included in the PC-SAFT model [33] . Cripwell et al. [34] showed that more reliable parameters for the polar term can be determined if vapor-liquid equilibrium data are included for mixtures of the polar compound with a non-polar compound. However, since no such data are available for DBN and DBU, the number of dipoles was set to be 1, as originally specified by Gross and Vrabec.
Results and Discussion
Liquid Compressed Density and Derivative Properties
The experimental density data are shown in Fig. 2 . The density was measured at temperatures from 293.15 K to 473.15 K and at pressures from 0.092 MPa to 15.788 MPa. A file containing these data can be found from the Open Science Framework page for this project (https://osf.io/z4b2p/) and in Table 2 . No density data were found in the scientific literature. The only value we could find came from the safety data sheets for mTBD, which state that the density at 298 K is 1067 kg·m −3 . Although this is in the same range as the value we obtained (1063.35 ± 0.082 kg·m −3 at 298 K and 101 000 Pa), the difference is still several times larger than the expanded uncertainty of our data.
A polynomial equation (Eq. 5) was fit to the density data so that density could be calculated more accurately than with the PC-SAFT equation of state ρ C 1 + C 2 · T + C 3 · P + C 4 · P 2 + C 5 · T · P + C 6 · T 2 + C 7 · T 2 · P + C 8 · T · P 2 + C 9 · T 3 . In Eq. 5, ρ is the density (kg·m −3 ), T is the temperature (K), P is the pressure (MPa), and the C values are constants. These equation constants are given in Table 3 . This equation is valid over the range of the experimental density data, so from 293 K to 473 K and from 90 000 Pa to 15 700 000 Pa. The root mean squared error (RMSE) of Eq. 5 is 0.035 kg·m −3 , when compared to the experimental data, and the maximum deviation was 0.073 kg·m −3 . The constants were determined using the differential evolution solver [17] implemented in the SciPy package [18] for Python.
(5)
Using this more accurate polynomial fit, derivative properties could be calculated more reliably than with the PC-SAFT equation of state. The thermal expansion coefficient and the isothermal compressibility were calculated by taking the appropriate derivatives of Eq. 5, and the resulting data are also given in the same file as the density data (https://osf.io/jb8y7/). The expanded uncertainties of the thermal expansion coefficient and the isothermal compressibility were calculated using the same Monte 123 Carlo method used for calculating the vapor pressure uncertainties. The Python code used for this calculation can be found from the OSF project for this study (https://osf. io/273tq/). We compared the density of mTBD to that of some structurally similar compounds, as shown in Fig. 3 . For DBN, DBU and TMG PC-SAFT parameters were fit in this study using literature data [29] [30] [31] [32] [33] (see Sect. 3.7), and PC-SAFT was then used for calculating values for comparison. The one exception was 1-methylnaphthalene, for which values were taken from the DIPPR correlation [35] . mTBD had a higher density than any of the compounds considered in this work.
Vapor Pressure of Liquid
The vapor pressure was measured at temperatures from 318.23 K to 451.2 K and pressures from 11.1 Pa to 10 000 Pa. The measurements were conducted with two methods: the gas saturation method and the distillation method. The experimental vapor pressure data are shown in Fig. 4 and in Table 4 . A complete data file can be obtained from the OSF page for this project (https://osf.io/t64dn/), and this file contains the calculations for the gas saturation data. The values for several structurally similar compounds were also plotted for comparison. For most of these other compounds, the values for comparison were calculated using PC-SAFT. The PC-SAFT parameters for these compounds were fit in this study using literature data. For 1-methylnaphthalene, the vapor pressure was calculated using the DIPPR correlation [35] .
No vapor pressure data can be found for mTBD in the literature. Some safety data sheets give a single vapor pressure value of 0.1 hPa (or 0.1 mmHg, depending on the sheet) at 348 K to 352 K. This value is significantly lower than the data measured in this study, which could present a safety issue if the actual vapor pressure is higher than expected.
However, some data for structurally similar compounds can be found in the literature. For comparison, the vapor pressures of these compounds (DBN, DBU, TMG, and 1-methylnaphthalene) are also given in Fig. 4 , and as seen, mTBD has a relatively low vapor pressure compared to these other compounds. DBN and DBU can be considered substitutes for mTBD in many applications because they also have similar basic properties and form ionic liquids, so the lower vapor pressure of mTBD may be one factor in deciding which compound to use.
Another interesting comparison is between mTBD and the closely related compound 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD). Although no vapor pressure data are publicly available for TBD, when distilling the mTBD the residue in the bottom was enriched in TBD, which indicates that TBD has an even lower vapor pressure than mTBD. 
Liquid Viscosity
The liquid viscosity (290.79 K to 363.00 K and atmospheric pressure) is presented in Fig. 5 and Table 5 . The data were fit using Eq. 6, which is a form of the Andrade and DIPPR equations [35, 36] . The differential evolution solver [17] implemented in the SciPy package [18] for Python was used to fit the parameters for Eq. 6.
In Eq. 6, η is the dynamic viscosity (mPa·s), T is the temperature (K), and A through C are constants. The constants fit to the data for mTBD are as follows: A − 118.97, B 7767.2, and C 16.653. The root mean squared error of Eq. 6 was 4 %, and the maximum deviation from the experimental data was 12 %.
The viscosity of 1-methylnaphthalene and TMG were also plotted in Fig. 5 for comparison, and mTBD has a higher viscosity than either of these compounds. 
Melting Point and Heat of Fusion
The melting point of mTBD was measured to be 290 ± 1.2 K and the heat of fusion is 70 ± 25 J·g −1 . The thermogram from the DSC measurement is given in Fig. 6 . When handling mTBD, we also noticed it can exist for months in a subcooled state. We stored the mTBD samples in the fridge at 277 ± 2 K and did not observe freezing. However, when cooled to lower temperatures, the mTBD would freeze and remain solid in the fridge. 
Liquid Heat Capacity
The experimental data for the isobaric liquid heat capacity at 0.36 MPa are given in Table 6 and shown in Fig. 7 . Equations of state, such as PC-SAFT, generally only provide the residual heat capacity, and a separate relationship for the ideal gas contribution is needed [15] . Usually ideal gas heat capacities are calculated using a statistical mechanical model and/or spectroscopic data [13, 37] . Because such data were not available, we instead used the PC-SAFT equation of state to calculate the residual heat capacity and then subtracted this from the experimental data to determine the ideal gas heat capacity. These ideal gas heat capacity values were then correlated using the Aly-Lee equation (Eq. 7) [37, 38] C id
In Eq. 7, C id p is the ideal gas heat capacity (J·kmol −1 ·K −1 ), T is the temperature (K), and A through E are constants. Note that the units for heat capacity are J·kmol −1 ·K −1 . The constants for mTBD are given in Table 7 .
Because we used an equation of state to calculate the ideal gas heat capacities, any uncertainty from the equation of state is carried over to these ideal gas values. Gross and Sadowski [10] calculated heat capacities for seven compounds using PC-SAFT, and they found that on average the deviation from reference data was 1.7 %. So the ideal gas heat capacities given here likely have an uncertainty in the same range.
To improve the performance of the PC-SAFT model when extrapolated above 392 K, the constants C, D, and E of the Aly-Lee equation were set to be similar to values found in the DIPPR database [35] for the structurally similar compounds naphthalene and 1-methylnaphthalene. Setting these three constants resulted in a trend that is still at least qualitatively correct at higher temperatures. When all five constants were optimized, instead of just 2, the Aly-Lee equation gave decreasing heat capacity values above 392 K and had a shape that was clearly incorrect.
Liquid Thermal Conductivity and Refractive Index
The experimental data for the liquid thermal conductivity of mTBD are given in Table 8 . The refractive index of mTBD was measured between 293 K and 343 K. The results are presented in Table 9 .
Modeling Using PC-SAFT
The PC-SAFT equation of state reproduced the experimental data well, with an average relative deviation of 0.24 % for density and 2.4 % for vapor pressure. The PC-SAFT parameters determined for mTBD, as well as those for DBN, DBU, and TMG, are given in Table 10 . Using PC-SAFT, it was possible to estimate the normal boiling point of mTBD, which was calculated to be 536 K. The enthalpy of vaporization can also be calculated using the equation of state and at 298.15 K it is 67.7 kJ·mol −1 . Standard uncertainty of liquid refractive index: u(refractive index) 0.00034, (expanded uncertainty of 0.000078 at the 95 % level) u(p) 10 kPa, standard uncertainty a u(T) 0.03 K, standard uncertainty [31, 32] m is the segment number, σ is the segment diameter (Å), ε/k is the dispersion energy divided by the Boltzmann constant (K), μ is the dipole moment, and n μ is the number of dipole moments a Dipole moments taken from Chalvet et al. [39] b Only two vapor pressure and six density points were available for TMG 
Conclusions
This comprehensive study gives the first data on many of the physical and thermodynamic properties of mTBD. Measured data on the liquid vapor pressure, compressed density, liquid heat capacity, melting properties, liquid thermal conductivity, refractive index, and liquid viscosity of mTBD are presented. The experimental data were used to calculate other properties of mTBD: enthalpy of vaporization, thermal expansion, and isothermal compressibility. Based on these data and the PC-SAFT model fit to the data, the properties of mTBD can be summarized (Table 11 ). PC-SAFT parameters for several structurally similar compounds were also fit as part of this study, which allowed comparison. mTBD had a higher density and lower vapor pressure than DBN, DBU, and TMG.
